Time-resolved FT-IR spectra of carbon monoxide hydrogenation over aluminasupported ruthenium particles were recorded on the millisecond time scale at 700 K using pulsed release of CO and a continuous flow of H 2 /N 2 (ratio 0.067 or 0.15, 1 atm total pressure). Adsorbed carbon monoxide was detected along with gas phase products methane (3016 and 1306 cm -1 ), water (1900 -1300 cm -1 ), and carbon dioxide (2348 cm 
Abstract
Time-resolved FT-IR spectra of carbon monoxide hydrogenation over aluminasupported ruthenium particles were recorded on the millisecond time scale at 700 K using pulsed release of CO and a continuous flow of H 2 /N 2 (ratio 0.067 or 0.15, 1 atm total pressure). Adsorbed carbon monoxide was detected along with gas phase products methane (3016 and 1306 cm -1 ), water (1900 -1300 cm -1 ), and carbon dioxide (2348 cm ), thus indicating that CH 4 and CO 2 originate from a common intermediate.
The broad band of adsorbed carbon monoxide has a maximum at 2010 cm -1 at early times (36 ms) that shifts gradually to 1960 cm -1 over a period of 3 s as a result of the decreasing surface concentration of CO. Kinetic analysis of the adsorbed carbon monoxide reveals that surface sites absorbing at the high frequency end of the infrared band are temporally linked to gas phase product growth. Specifically, a (linear) CO site at 2026 cm -1 decays with a rate constant of 2.9 + 0.1 s -1 , which coincides with the rise constant of CH 4 . This demonstrates that the linear CO site at 2026 cm -1 is the kinetically most relevant one for the rate-determining CO dissociation step under reaction conditions at 700 K.
Introduction
Supported Ru catalysts are among the most active for the hydrogenation of CO to methane. 1, 2 In situ infrared spectroscopy has played an important role in establishing mechanistic aspects of CO hydrogenation over metal catalysts. [3] [4] [5] In particular, monitoring of the infrared band of adsorbed carbon monoxide while simultaneously recording gas phase products by mass spectrometry revealed that dissociation of the CO molecules to surface C and O species is the rate limiting step, while the hydrogenation steps of carbon species leading to CH 4 are fast by comparison according to most studies. [6] [7] [8] [9] Moreover, the infrared method has allowed identification of distinct modes of surface adsorption of (undissociated) CO, namely linear (Ru-CO, 2047-1960 cm -1 ) [9] [10] [11] [12] , bridgebonded (Ru 2 -CO, 1950-1900 cm -1 ) 9, 10 , and µ-bonded species (Ru-CO-Ru, 1750 cm -1 or Ru-CO-Al(support), 1700-1500 cm -1 ) 9, 13 . Linear CO was found to exhibit the fastest hydrogenation rate. [6] [7] [8] [9] However, even pulsed methods 7 or step (reactant switch) methods 8 with a time-resolution of a few seconds are unable to demonstrate the relative kinetic importance of specific CO surface sites under typical reaction conditions. In order to determine the sites most relevant for CO methanation over Ru catalyst, time-resolved monitoring of the decay of CO surface species and the concurrent growth of hydrogenation product(s) on the time scale of milliseconds or faster is required.
In this paper, we report a time-resolved rapid-scan FT-IR study of CO hydrogenation over Al 2 O 3 supported Ru particle catalyst at a reaction temperature of 700 K. The experiments revealed the site of adsorbed CO that exhibits the highest activity. A direct temporal link between the decay of the CO surface site and the final product rise is demonstrated.
Experimental Section
Time-resolved FT-IR spectra were recorded in the rapid-scan mode on a Bruker model IFS88 spectrometer equipped with a HgCdTe PV detector Kolmar Technologies model KMPV8-1-J2 (8 micron bandgap) or a HgCdTe PV detector model KMPV11-1-J2
(12 micron bandgap) as described previously. 14, 15 The method is described briefly below.
The mirror velocity was 160 kHz, and the spectral resolution was 4 cm achieved by the synchronization of carbon monoxide pulses of 30 ms duration with the forward motion of the interferometer mirror. 15 The spacing between carbon monoxide pulses was 12.8 s, which assured that all reaction had ceased prior to arrival of a fresh pulse. The pulses were released through a fast value (General Valve Series 99 pulsed valve coupled with an Iota One pulse driver) and contained 15 µmol carbon monoxide.
The pulses merged with the continuous H 2 /N 2 flow 7 cm upstream from the center of the reactor cell, resulting in arrival of the CO pulse in the catalyst zone within a few ms after opening of the valve. Before each series of experiments, the Ru/Al 2 O 3 catalyst was exposed for six hours to a H 2 /N 2 flow at 600 K and then for one hour at 700 K in order to assure complete reduction of the Ru surface. Carbon Monoxide (Air Gas, 99.99%), hydrogen (Air Gas, 99.9999%), hydrogen in nitrogen (Airgas, H 2 /N 2 ratio 0.15), deuterium (Isotec, 99.8 % D), and nitrogen (Air Gas, 99.9995%) gas were used as received.
Results and Discussion
The transient spectra observed following initiation of catalysis over Ru/Al 2 O 3 catalyst at 700 K with a carbon monoxide pulse are displayed in Figure 1 . The bottom trace is the first spectrum observed, with its midpoint delayed by 36 ms relative to the opening of the pulsed carbon monoxide valve. Subsequent traces are shown at 95, 223, 577, and 6000 ms. The temporal resolution of the first three traces is 50 ms, the fourth is 100 ms, and the fifth was recorded over several seconds. The most prominent band is due to gas phase carbon monoxide, centered at 2143 cm -1 . 17 As shown in Figure 2 , gaseous CO decreases principally due to removal of the reactant from the infrared viewing zone by rapid gas flow.
18,19
In addition to gas phase carbon monoxide, bands are observed at 3016, 2348, 2010, and 1306 cm -1 (Figure 1 ). The most intense of these absorptions (2010 cm -1 ) is unsymmetrical and very broad, with a tail extending to about 1500 cm -1 . This band is assigned to adsorbed carbon monoxide based on previous infrared studies. 3, 4, 6, 9, 13, [20] [21] [22] [23] [24] The other bands, shown on an expanded scale in Figures 3 and 4 are due to gas phase products methane (Q branch peaks at 3016 cm -1 (ν 3 ) and 1306 cm -1 (ν 4 )) 25 and carbon dioxide (2348 cm -1 ) 26 . For experiments using D 2 , the corresponding CD 4 gas phase bands with Q branches at 2256 cm -1 (ν 3 ) and 993 cm -1 (ν 4 ) were observed. 25 In addition, a series of sharp bands are noted in the 1900 -1300 cm -1 region ( Figure 3 , panel b). These are assigned to the spectrum of gaseous H 2 O. Faithful recording of infrared ro-vibrational bands of this and the other gaseous products would require much higher spectral resolution than available in the time-resolved mode (the limiting factor is the file size of the very large time-resolved interferogram stacks that the data acquisition electronics must handle. Furthermore, higher spectral resolution can only be achieved at the expense of time resolution because of the longer mirror path). As a result, peak intensities of ro-vibrational bands of the time-resolved spectra are smaller than of static spectra recorded at appropriate resolution. Aside from the species mentioned above, no other bands are present in any of the transient spectra.
The adsorbed carbon monoxide band is most intense in the first spectrum recorded just after initiation of catalysis, and then decreases with time. This decrease is accompanied by a red shift from 2010 cm -1 at 36 ms to 1990 cm -1 at 897 ms, as shown in Figure 5 . In addition, the band broadens, especially around the peak position. As can be seen from Figure 6 , the red shift of the band continues on the time scale of seconds. The final peak position is reached after 3 s and lies at 1960 cm -1 . Frequency and behavior of this band agree with that of linear Ru-CO species. 4, 8, 13, 21 The red shift is consistent with the gradual reduction of dipole coupling among neighboring linear CO species as the surface concentration of the reactant diminishes by reaction with hydrogen. 9, 22, 27 It is important to note that after 7 s (6912 ms trace of Figure 6 ) the band of adsorbed CO has completely vanished, confirming that reaction ceases before a fresh CO gas pulse reaches the catalyst again.
In order to gain more detailed insight into the red shift and broadening of the adsorbed carbon monoxide band, the kinetics were examined by two different methods.
The first consisted of determining the integrated absorbance of the entire band with peak absorbance near 2010 cm -1 (integration from 2050 cm -1 to 1650 cm -1 ). The intensity was found to decay with a rate constant of 0.45 + 0.03 s -1 , as shown in Figure 7 . It agrees within a factor of 2 with the rate with which gaseous CO is removed from the catalyst zone by gas flow. Given the systematic error associated with the determination of the gas phase band intensity because of insufficient spectral resolution (see above), we consider the two rates as the same. This suggests that a steady state distribution between gas phase and surface adsorbed CO is established on the time scale of seconds. Fast exchange of CO between Ru surface and gas phase has been observed by previous authors. 8 The second method only considers the portion of the adsorbed CO band that corresponds to the bleach at early times (< 1 s). As can be seen from the difference spectra in Figure 8 , pulse, which allowed us to repeat the recording of the time resolved spectra for signal to noise improvement, as described in the Experimental Section.
Determination of the kinetics of the gas phase products, CH 4 and CO 2 , required that the data be fit using an equation that describes both the rise of the product and the decay due to the loss by removal through rapid gas flow. These processes can be described by a model consisting of two consecutive steps R P P', where R is carbon monoxide, P is gas phase product in the IR viewing zone, and P' is gas phase product after it has been removed from viewing zone by gas flow. The corresponding differential and integrated equations are:
(1)
(2)
(A P , absorbance of product P at time t; A, asymptotic absorbance of P'). The corresponding fits for the kinetic behavior of methane and carbon dioxide are shown in Figure 10 (a) and (b), respectively. The growth rate of the two methane bands at 3016 and 1306 cm -1 was found to be the same, with k 1 = 2.5 ± 0.4 s -1 (0.067 H 2 /N 2 ratio, 4.5 L/min flow). The rate of growth (k 1 ) for carbon dioxide under identical H 2 concentration and flow conditions is 3.4 ± 0.6 s -1 , which is the same rate within uncertainties that was found for methane. We conclude that these two products, which have a branching ratio of 0.44 originate from the same intermediates, namely surface C and surface O species.
Moreover, we find that the decay of the 2026 cm -1 site of linear Ru-CO agrees with the rate of rise of the products, indicating that this is the kinetically relevant site of CO for reaction at 700 K. The fact that the highest frequency component of linear surface CO is the kinetically most relevant species agrees with the expectation that the most weakly bound CO reactants are the most reactive. 29 The rate k 2 determined for the decay of methane (0.52 ± 0.08 s -1 ) and carbon dioxide (1.2 ± 0.2 s -1 ) lie within a factor of 2 of the rate determined for the removal of gas phase carbon monoxide (see Figure 2) . In light of the systematic errors associates with infrared intensity measurements of narrow gas phase absorptions, we consider these rate constants in agreement.
It is important to add that the methane rise does not exhibit any delay (induction period) and follows a first order law even though arrival of the CO reactant pulse is expected to displace surface adsorbed hydrogen (the heat of adsorption of CO on Ru exceeds that of hydrogen by more than a factor of two (CO on Ru(001), 36 kcal mol -1 ;
hydrogen on Ru(001), 15 kcal mol -1 ). 30,31 Our observation is consistent with previous reports which showed that the steady state hydrogenation rate of CO over Ru surfaces is fairly constant due to the fact that the hydrogen coverage remains high even in the presence of near monolayer CO coverage. 6 This was explained by the fact that the competition between CO and hydrogen is limited to certain sites. 6, 32, 33 In our timeresolved experiments, the Ru particles are exposed to a continuous flow of H 2 and the metal surface is adequately covered with hydrogen before a fresh CO pulse arrives.
According to the spectral traces of Figure 8 , depletion of the red shifted linear, bridge-bonded and µ-bonded CO sites is slow on the sub-second time scale. Since a fast steady state distribution is established between adsorbed and gas phase CO, with the latter swept from the catalyst zone within a 5 s, depletion of these sites probably occurs mainly by desorption rather than reaction. Carbon monoxide desorption may be aided by displacement by H from the continuous H 2 /N 2 flow, as has previously been observed for CO adsorbed on several metal surfaces. Figure 5 . Rapid-scan spectra in the 2500-1500 cm -1 region observed following initiation of CO + H 2 catalysis at 700 K during the first 1000 ms (H 2 /N 2 = 0.067). Gas phase bands due to carbon monoxide have been subtracted. Figure 10 . Kinetics observed for gas phase products (a) methane (peak absorbance at 3016 cm -1 ) and (b) carbon dioxide (peak absorbance at 2363 cm -1 ) following initiation of CO + H 2 catalysis at 700 K (H 2 /N 2 = 0.067). Solid lines represent best fits using eq. (3).
